Abstract Grey partridge populations declined in Europe from mid-1950s onwards mostly due to modifications of agricultural cropping. In Italy, the decline was even more dramatic because of over-hunting and restocking with allochthonous birds. We carried out a research on a reintroduced population in Central Italy from 1995 to 2005, with the aim of evaluating the reintroduction success and separating the intrinsic and external factors influencing year-to-year changes in partridge density with particular respect to the weather. Average spring density was 4.5 pairs per square kilometre (SD=1.52); our population reached a peak few years after the reintroduction and then declined. Brood production rate was close to that of declining European populations (average 33.9%; SD=10.21), and chick survival rate (average 40%; SD=17.61) determined the change of breeding abundance from year t to year t+1. Our population seemed to be mainly affected by brood production and chick survival rates and by the weather; in particular, higher early winter and spring temperatures increased breeding density whilst higher early summer temperatures decreased brood production rate.
Introduction
The European populations of Grey partridge (Perdix perdix Linnaeus 1758) declined from mid-1950s onwards with the reduction and the marked fragmentation of their historical range, especially along the range boundaries (Potts 1986; Potts and Aebischer 1994; Putaala and Hissa 1998; Meriggi et al. 2002; Aebischer and Ewald 2004; De Leo et al. 2004; Panek 2005; Meriggi et al. 2007 ). Population decreases occurred to such an extent that the species was considered threatened and vulnerable and was classified in the list of the Species of European Conservation Concern in the third category (i.e. species with an unfavourable conservation status, with populations that are not concentrated in Europe; Tucker and Heath 1994; Aebischer and Kavanagh 1996) .
The main recognised cause of the decline of grey partridge numbers in Europe is the modification of agricultural cropping following the mechanisation of agricultural practices and the use of pesticides, thus reducing farmland biodiversity with effects on habitat and food resources (Potts 1980 (Potts , 1986 . In particular, modern agriculture reduces preferred nesting cover and the abundance of insects that are the preferred food for chicks, thus reducing in turn nesting success and chick survival and increasing breeding predation pressure in simplified agroecosystems (Meriggi et al. 1992; Panek 1997a Panek , b, 2005 Frampton and Dorne 2007; Potts 2008) . In some countries, other factors are also involved in the grey partridge decline and fluctuations. In France, Bro et al. (2000 Bro et al. ( , 2003 Bro et al. ( , 2005 found evidence that higher adult mortality due to predation by the hen harrier contributed to lower grey partridge numbers. In Poland, in the 1960s and 1970s, populations of grey partridges fluctuated widely, mainly as a result of decreases after severe winters (Chlewski and Panek 1988; Pielowski and Pinkowski 1988) . Meriggi et al. (1992) reported the negative influence of only two subsequent severe winters on breeding density of wild partridges in northern Italy and related the fall density to chick survival rate (CSR) and this, in turn, to early summer weather. In northern France, Ricci and Garrigues (1986) linked the proportion of females without chick and the survival of young to winter, early spring and summer temperatures. Then, Reitz (1988) modelled Grey partridge breeding success by the rainfall intensity and evaporation in June.
In Italy, the decline of grey partridge populations started later than in Western Europe, due to the delayed adoption of modern farming practices. However, the eventual decline was even more dramatic because also over-hunting acted on the already reduced productivity of populations caused by the environmental changes and by the increased use of herbicides and pesticides (Potts 1985; De Leo et al. 2004; Watson et al. 2007) , which rendered the species endangered in a few years (Matteucci and Toso 1986; De Franceschi 1988; Meriggi et al. 2007 ). Attempts to counteract the decline by restocking speeded up the process; in fact, initially, partridges from eastern Europe were used, which did not adapt to the local ecological conditions, and afterwards, releases of hand-reared partridges were carried out causing a further decrease in the productivity of wild populations (Putaala and Hissa 1998) . Now, in Italy, probably there are still large areas characterised by high habitat suitability, where the grey partridge went extinct and where the species might be reintroduced successfully. However, the lack of wild populations require the use of hand-reared birds for reintroductions, which have great acclimatisation difficulties due to the genetic and behavioural differences between wild and reared partridges, to the physiological and disease problems and to density-dependent predation at the release sites (Dowell 1992; Parish and Sotherton 2007; Buner and Schaub 2008; Sokos et al. 2008) .
This research was carried out from 1995 to 2005 on a population of grey partridges reintroduced in the province of Siena (Central Italy), with the aim of evaluating the reintroduction success and separating the intrinsic and external factors affecting demographic parameters during a period in which farmland landscape was constant but where the weather changed greatly.
Materials and methods

Study area
The study area (26.5 km 2 , 42°59'44.01" N, 11°39'31.47" E) was located in the province of Siena, in Tuscany (Central Italy; Fig. 1 ). Topography was mainly gently to moderately undulating with elevations of 200-500 masl. Land use was predominantly winter cereals (61.1% from 1995 to 2005) and field beans (Vicia faba minor) and clovers (13.1%); olive groves, vineyards and orchards averaged 8.3%. A small percentage of the study area was covered by game cover crops (alfalfa, fallow strips, 0.9%), set aside (5.4%), pasture (1.4%), woods (0.6%) and shrubs (6.3%). Farmsteads were scattered in the area, and villages were located on the border; they covered on average 2.7% of the study area. Considering all land use classes, mean patch size and edge length were respectively 1.1 ha (SD=3.01) and 42.5 km/km 2 , whereas considering only crops, the mean fields size was 2.4 ha (SD= 4.5) and edge length 26.5 km/km 2 . Climate was subMediterranean, with mild winters and hot summers. The average annual temperature was 14.7°C (minimum in January, 5.5°C; maximum in July, 23.9°C). Annual precipitation was 500 mm, with two peaks, one in April and one in November, and a minimum in July.
In the study area, 420 hand-reared grey partridges were released in spring and autumn 1995 and 175 in winter 1996. All birds were from local game farms and released in small groups of 10-15 individuals with acclimatisation aviaries scattered over the area (38 release sites). To increase the survival and reproductive success of released birds, 50 feeding sites were scattered in the study area and equipped with automatic feeders and watering troughs. Moreover, hooded crows (Corvus coronae cornix) and magpies (Pica pica) were controlled using Larsen traps (14.8 crows per year, SD=5.00; 35.8 magpies per year, SD=13.55) and foxes (Vulpes vulpes) by night-shooting (55.5 foxes per year, SD=7.05). In the study area, partridge hunting was forbidden.
Population monitoring
The reintroduced population was monitored by censuses of pairs in March to April and broods in July to August, carried out by the mapping method (Blondel 1969; Pépin 1983) . Searching effort was equally distributed by a net of transects (2.1 km per square kilometre) that covered the whole study area. Surveys were carried out during the first 3 h after dawn and the last three before dusk in the times of greatest detectability of partridges. A tape-recorded call was used in spring to increase the pair detectability (Pépin 1983; Ricci 1985; Meriggi 1989; Gibbons et al. 1996) . Observations and calling birds were mapped at 1:10,000 scale.
The following population parameters were calculated: (1) pair and brood density (n/km 2 ); (2) population change (%) from year t to year t+1 (Aebischer and Ewald 2004) ; (3) brood production rate (BPR), as percent ratio of brood to pair number (i.e. the percentage of pairs reproducing successfully); (4) mean brood size (arithmetic and geomet-ric mean); (5) CSR, calculated from the geometric mean of the brood size (Potts 1980 (Potts , 1986 ; and (6) juvenile density (>60 days old).
Weather
Weather data for each study year were obtained from four climatic stations close to the study area (5.3 km on average far from it; Tuscany Region Agro-meteorological Service; 2005). We collected daily data and then calculated the following weather components for every month: (1) average temperature (°C), (2) absolute minimum temperature, (3) absolute maximum temperature, (4) average rainfall (mm), (5) number of rainy days and (6) average humidity (%).
Statistical analyses
We estimated the average growth ratio (r) of the population by linear regression analyses of ln of the pair number and time (years) (Caughley and Sinclair 1994) . We employed correlation coefficients (Pearson product moment): (1) to test for association among weather variables, thus using non-correlated variables for the following analyses, and (2) to study the relationships among demographic parameters. Moreover, we computed partial correlation coefficients to examine the net effect of weather variables on demographic parameters. In the case of multiple correlations, we calculated the p values by truncated product method (TPM, p value) instead of applying Bonferroni's correction because of the recent criticisms to this method (Zaykin et al. 2002 , Moran 2003 , Garcia 2004 , Neuhauser 2004 ). Finally, curve-fit analyses were used to choose the best model fitting the observed data. Statistical analyses were performed by SPSS/PC+Version 15.0.
Results
Population dynamics
Grey partridge spring population increased until 2001 by 98.9%, with an average growth rate of r=0.1 (SE= 0.05), followed by a dramatic decrease of 65.5% during the last 5 years of the study period (r=−0.3; SE=0.06; Y= 72.9 +34.1x−3.7x 2 , r 2 =0.712, p=0.013; Table 1 ). Pair density averaged 4.5 pairs per square kilometre (SD= 1.52) and was positively related to juvenile density of the previous year (r=0.802, n=9, p=0.009; TPM p value= 0.020) by a linear model that explained 64.4% of the variance (Y=1.9+0.3x). Brood density averaged 1.5 broods per square kilometre from 1995 to 2004 (SD= 0.74) and was positively related with pair density (r= 0.774, n=9, p=0.014). The linear model of brood density vs. pair density explained nearly 59.9% of the total variance (Y=2.3+1.5x). Average BPR was 33.9% in the period 1996-2004 (SD =10.21), and its dependence on pair density was not significant(r = −0.034, n =9, p = 0.931). CSR averaged 40% (SD=17.61) from 1995 to 2004. The juvenile density was 9.2 per square kilometre (SD=4.23) on average from 1996 to 2004. The change in abundance of spring population from 1 year to the next was positively related to CSR (r=0.762, n=9, p= 0.017; TPM p value =0.035) by a linear model that explained 58% of the total variance. Population change was negative with CSRs lower than 39% and positive at higher CSRs (Fig. 2) . Neither the BPR nor the CSR were related to any other demographic parameters. Moreover, the relation between population changes and BPR as well as that between changes and BPR and CSR together were not significant. Fig. 1 Location of the study area (central Italy) Weather effects Partial correlation analyses showed that higher average temperature in January and absolute minimum temperature in March led to higher pair density in spring (r=0.842, p= 0.009; r=0.733, p=0.039, respectively; TPM p value= 0.023). The relationship with March absolute minimum temperature was linear with the model explaining 71.7% of the total variance (Y=5.4+0.4x, p=0.002). We found a negative correlation between BPR and June average temperature (r=−0.863, p=0.003; TPM p value=0.047). Brood density, CSR and the change in abundance of spring population from 1 year to the next were not significantly related to any weather variables.
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Discussion
During the study period, the reintroduced population of grey partridges showed an average breeding density that was very low compared to pre-decline populations but intermediate in respect to other grey partridge populations studied in Europe and in North America (Meriggi et al. 1990; Rotella et al. 1996; Panek and Kamieniarz 1998; Panek 2005 , Bro et al. 2005 ). Higher population levels were found only for some areas in northern France and in England (Potts and Aebischer 1994; Aebischer and Ewald 2004; Bro et al. 2005) , and lower breeding densities were recorded in Italy, Austria, France, and Finland (Meriggi et al. , 1992 Turtola 1998; Bro et al. 2000; Reitz 2003) .
Annual breeding density of our reintroduced population seems to be mainly affected by the juvenile density of the previous year and by the weather. The studies concerning the relationships between weather variables and wild populations of Phasianidae have shown that weather can have direct and indirect effect on the populations. For example, severe winters can reduce the over-winter survival of the adults and the breeding performance of the hens (Church 1980; Potts 1980; Rotella et al. 1996; Draycott et al. 1998; Gabbert et al. 1999) . Moreover, cold springs prevent the grass growth with the consequence of a poor nest concealment and higher nest predation rate (Hill and Robertson 1988; Meriggi et al. 1990) . Considering the values of the BPR reported by various authors in several researches on population dynamics of the grey partridge in Europe and North America, it is possible to individuate two periods with a marked difference of the BPR range: Until the late 1980s, the reported values of BPR were greater than 50%, whereas from the middle of the 1990s, most of the studies reported BPRs lower than 40% and often lower than 35% (Weigand 1980; Chlewski and Panek 1988; Meriggi et al. 1990 Montagna and Meriggi 1991; Panek 1997a, Potts (1986) and Panek (1997a Panek ( , 2005 , BPR is often density-dependent, so that this parameter is one of the most important factors determining and regulating the level of population density. The average percentage of pairs reproducing successfully of our reintroduced population was close to that recorded in the last period in declining populations in Europe. In our case, BPR seems not to be density-dependent, and the reasons for a such BPR could be (1) the strong weather effect on both breeding density and BPR that masks BPR density dependence, (2) the interaction between predation, mainly by red foxes in our study area, and quality of nesting cover and (3) the presence of hand-reared birds during the initial period. Contrary to many authors (Potts 1986; Ricci and Garrigues 1986; Reitz 1988; Panek 1997a; Milanov 1998) , high early summer temperatures affected negatively the BPR of our population. Recently, especially in Mediterranean countries, the increase in summer temperatures, together with the loss of permanent cover, seems to be responsible for the decrease in productivity and the increase in adult predation (red-legged partridge; Villanùa et al. 2005) . In our population, CSR fluctuated widely, and its values were close to those recorded in Britain, on areas with land management for conservation purposes (Aebischer and Potts 1998; Sotherton et al. 1993 ). Potts and Aebischer (1994) pointed out that an increase in offspring survival rate could stabilise but not reverse most of the declining populations. In our case, CSR affects the change of breeding population, but no weather conditions explain their annual fluctuations. Probably, other factors interact in determining annual CSRs, as the use of pesticides and herbicides and the predation pressure during breeding seasons despite the predation control (Potts 1986; Panek 1997b; Milanov 1998; Panek 2005) . Even if the negative effects of weather on wild populations of Phasianidae can be compensated by higher productivity in favourable years, a series of several negative years acting on a small population can be fatal to the population itself. This is the case of a reintroduced population that can suffer of the typical problems of the small and isolated populations and in which the demographic stochasticity can prevent the recovery (Lacy 1992; Meriggi et al. 2007 ).
The reintroduction of our population cannot be classified as successful with reference to conservative criteria adopted by Beck et al. (1994) . After an initial increase of breeding density, annual fluctuations in brood production and CSRs conditioned negatively the population levels. Weather partially explained annual changes in demographic parameters of our population. For a major comprehension of how weather, resource availability and predation pressure interact to determine reintroduced population levels, the way is to carry out further experiments with a metapopulation approach. This approach allows testing the effects of different habitat improvement, predator control, pesticide and herbicide levels, without endangering the re-established population.
